ABSTRACT Keel bone fractures are a well-known welfare problem in modern commercial laying hen systems. The present study sought to identify genetic variation in relation to keel bone fracture susceptibility of 4 distinct crossbred and one pure line, and by extension, possible breeding traits. Susceptibility to fractures were assessed using an ex vivo impact testing protocol in combination with a study design that minimized environmental variation to focus on genetic differences. The 5 crossbred/pure lines differed in their susceptibility to keel bone fractures with the greatest likelihood of fracture in one of the 3 commercial lines and the lowest susceptibility to fractures in one of the experimental lines. Egg production at the henlevel did not differ between the crossbred/pure lines (P > 0.05), though an increased susceptibility to keel bone fractures was associated with thinner eggshells and reduced egg breaking strength, a pattern consistent among all tested crossbred/pure lines. Our findings suggest an association between egg quality and bone strength which appeared to be independent of crossbred/pure line. The findings indicate the benefit of the impact methodology to identify potential breeding characteristics to reduce incidence of keel fracture as well as the potential relationship with eggshell quality.
INTRODUCTION
The incidence of bone damage is a widespread welfare problem of modern commercial laying hen systems in various countries (Sandilands et al., 2009; Käppeli et al., 2011; Petrik et al., 2015; Heerkens et al., 2015b) . Keel bone fractures, one type of damage, are found in up to 97% and 24% of commercial flocks maintained in non-caged (Rodenburg et al., 2008; HarlanderMatauschek et al., 2015) and caged systems , respectively. Previous findings identified keel bone fractures as likely to cause pain (Nasr et al., 2012b (Nasr et al., , 2013a ) and be associated with mortality (McCoy et al., 1996) , indicating compromised welfare. The occurrence of bone breakage and bone quality is understood to vary among different laying hen strains (Rennie et al., 1997; Budgell and Silversides, 2004; Riczu et al., 2004) . One potential solution to this welfare problem is the breeding of birds with properties (e.g., increased biomechanical strength or flexibility) C 2017 Poultry Science Association Inc. Received February 10, 2017. Accepted May 9, 2017. 1 Corresponding author: Michael.toscano@vetsuisse.unibe.ch that are resistant to fracture (Whitehead, 2002; Fleming et al., 2004; Harlander-Matauschek et al., 2015; Stratmann et al., 2016) . Recent findings focusing on keel bone damage used 2 different strains bred for relatively strong or weak bones while controlling for body mass and found the expected variation in the occurrence of keel bone fractures (Bishop et al., 2000; Fleming et al., 2004; Stratmann et al., 2016) . Comparing the 2 genetic strains within different environments and dietary treatments, Fleming et al. (2006) suggested that genetic selection was the most superior approach to improve bone health.
Although the mentioned studies provide justification for breeding as a possibility to reduce fractures, it has not been possible to disentangle various causative factors, including age, housing system, nutrition, body mass, and genetics, each of which is normally confounded by behavior. As an example of the behavioral confound, the strain differences found by Bishop et al. (2000) and Stratmann et al. (2016) could relate to differential behavior between strains rather than strainspecific biomechanical properties for which the animals had been bred. Similarly, lighter genetic lines more likely to have weaker bones could also be better able 3517 to navigate within a 3-dimensional space. As a potential solution that minimizes behavioral confounds, an ex vivo impact testing protocol applied within 60 s of death and developed by Toscano et al. (2013) quantifies an intact hen's susceptibility for fracture, providing a close approximation of the collisions believed to be responsible. Keel bone fractures caused by the described ex vivo impact testing protocol, hereafter referred to as "experimental fractures," are distinguished from breaks that occurred and healed before the impact test, which are hereafter referred to as "old breaks" (Wilkins et al., 2004) . Old breaks are defined by callus formation on the ventral and lateral surface of the keel which is part of the healing process after a fracture occurred (CaseyTrott et al., 2015) .
The current study aimed to identify genetic variation in susceptibility to keel bone fractures of 5 distinct crossbred/pure lines, including 3 commercial lines, by minimizing environmental differences and using the impact testing protocol to eliminate behavioral confounds. Our interest was less in the specific crossbred/pure lines but rather our methodology's potential to assess genetic variation and traits that could provide a foundation for future breeding programs. We expected to find a clear variation in frequency of experimental fractures and severities across crossbred/pure lines. As heavier birds are associated with stronger bones (Knowles et al., 1993) , we predicted crossbred/pure lines characterized by increased body mass would be less susceptible to experimental fractures.
Beyond assessing susceptibility to fracture, we also sought to characterize the crossbred/pure lines in a manner that would provide potential explanations for identified variations in susceptibility with a primary focus on egg production. For laying hens, intensive breeding programs over the last 70 years have led to an astoundingly high rate of egg production (approximately 8.5 eggs per 10 d over a 50-wk period, or 350 eggs over the lifetime of the hen) requiring large amounts of mineral and energy. The production of a single egg requires approximately 2 g of calcium to form the egg's shell, which equals approximately 10% of the hen's total body calcium stores (Sturkie, 1986; Elaroussi et al., 1994) . The calcium originates from the feed and, as needed, resorption from endogenous sources such as the skeletal system (Gilbert, 1983; Sturkie, 1986) . Accordingly, the progressive use of medullary and structural bone as calcium sources without rebuilding has been suggested to result in severely weakened bones susceptible to fracture . Based on this understanding, we hypothesized that the pen-level data of feed consumption and egg production would vary between the crossbred/pure lines in a pattern paralleling fracture susceptibility. At the individual hen level, we expected reduced egg breaking strength and shell thickness to associate with a greater likelihood of experimental fractures.
METHODS

Ethical Note
The experiment was approved by the Cantonal Veterinary Office (Cantonal Approval: BE-15/15) and complied with Swiss regulations regarding the treatment of experimental animals.
Animals and Housing
A total of 290 day-old chicks from 4 specific crossbred and one pure line (N = 290) were introduced to a single pen within our research facility in Zollikofen, Switzerland. The 5 crossbred/pure lines were selected with the purpose of providing a broad variation in productivity and egg quality, which we anticipated would relate to underlying keel fracture susceptibility. ) lines were chosen. The EW line was a pure line and all others were crossbred. The EB line descended from a dam line that had not been selected for any breeding goal for several years; the male line had been bred for dual egg and meat production. The EW line was characterized by relatively small birds with a reduced egg production compared to commercially used white breeds. As the lines are experimental for our industrial partner, the names of the line and associated dams and sires are confidential. Animal care staff and researchers were blinded to the crossbred/pure lines by the breeder with a unique code for the duration of the experiment including statistical analysis. Blinding was not entirely possible during the actual impact procedure due to the different bird colors, though the evaluation of the keel for experimental fractures and old breaks was blind as the keel had been removed at this point. Upon arrival, chicks were wing-tagged with individual identification numbers and maintained in one pen that increased in size relative to the bird's growth. The birds were provided ad libitum food and water throughout the entire study. At 10 wk of age, all birds were assigned to one of 9 identical pens according to their crossbred/pure line, resulting in 2 pens with 26 to 30 birds each for the crossbred/pure lines: BB (N/pen = 30, 28), DW (N/pen = 26, 26), DB (N/pen = 30, 30), and EB (N/pen = 30, 29). Due to a sexing error by the breeding company, only 10 birds of crossbred/pure line EW were available, which were all kept in a single pen. For this line, we decided that one pen with more birds would be more appropriate versus 2 pens with further reduced numbers.
All pens were kept side-by-side within the same room and had visual, olfactory, and limited tactile contact between adjacent pens. Each bird was given a pen-specific colored leg band in order to identify and correct any unintended mixing between pens, though this did not We had considered mixing crossbred/pure lines yielding pens composed of all 5 lines in order to ensure that pen-level effects would not have been confounded by crossbred/pure line. However, the current design with crossbred/pure line-specific pens was chosen to allow quantification of egg production and feed consumption for each crossbred/pure line, as we believed these responses would provide an important explanation of expected differences between crossbred/pure lines. Given this objective, our study was designed to limit pen-level variation by maintaining identical pens without natural lighting (as position within the barn could affect exposure) and utilized a single management protocol for feed, lighting, and egg collection. Although the 5 distinct crossbred/pure lines had individual recommended management protocols, we were keen to minimize environmental variation to the fullest extent possible and thus decided on a single management protocol, i.e., that for the DW line. We realize that this may favor the development of the DW line over the others, though felt the compromise was warranted given our study objectives.
Impact Tests
At 28 or 29 wk of age, hens were prepared for impact testing by sedating them with barbiturate (600 mg/kg, IM; Esconarkon, Streuli Pharma AG, Switzerland), recording body mass, and then killed by cervical dislocation. The age for impact testing was chosen based on previous work, which found rates of fracture increase dramatically (Wilkins et al., 2011; Toscano et al., 2014) , indicating hens are particularly susceptible to damage in this age range. Within 60 s of death by cervical dislocation, hens underwent an impact testing protocol previously described using a custom-designed and -manufactured impact test apparatus (Atelier Lorraine, Bern, Switzerland). For the impact procedure, killed birds were positioned supinely such that the delivered load would make contact on the ventral surface (carina) of the keel approximately 2 cm cranial to the most distal aspect. Birds with apparent fresh breaks (as detected by palpation) were not impact tested and excluded from analysis. The contact point of the drop mass was approximately 0.3 mm in diameter and 2.5 cm long and crescentshaped to minimize shifting of the keel on impact. The energy of collision could be altered either with the addition or removal of specific weights and adjusting the drop height. For these specific tests, a load mass of 1.7 kg was used from 2 different heights (45 cm and 52 cm above the keel) resulting in 2 impact energies of 3.248 J and 4.331 J that were stratified across the pens. As the sample size available for crossbred/pure line EW was relatively small, the birds of this line were tested only with the lower impact energy (3.248 J). The employed statistical analysis did not require equal numbers applied at the different collision energies, hence the number of hens within a genetic line that received each collision energy are the same. Rather, collision energies were initially begun at the lower energy level, and after 10 birds underwent testing and were evaluated for keel damage, the subsequent collision energy for that line was chosen accordingly to yield more variation in the nature of the response. If a particular genetic line was uniform in the occurrence and type of experimental fracture, then there was relatively little benefit in continuing with that collision energy as it was more advantageous to test collision energies where the response was variable. The consideration was particularly important given the high opportunity cost; only a finite number of birds were available for testing and applying one collision energy meant one less bird was available for testing at the other collision energy levels. Following impact, the bird was taken from the impact tester, the soft tissue surrounding the keel removed, and the keel extracted in order to assess the presence of damage. Using a scoring system previously developed for experimental fractures (Table 1) , each keel was assigned a score for damage. Additionally, the presence of old breaks and their severity was recorded using a published scoring system (Wilkins et al., 2011) . The excised keel bones were then stored at -20
• C for further examination as needed.
Production
Eggs were collected and recorded on a daily basis for each pen once the birds came into lay. In combination with the records of daily mortality, the hen daily average (HDA) was calculated for each day as the number of eggs laid divided by the number of live hens. The ratio of total eggs produced over the entire flock cycle to the cumulative number of hens alive each day was calculated to provide a record of lifetime production for each pen. The age at which each pen reached ≥50% and ≥90% of production was defined as the third consecutive d at which those production levels were reached. Food disappearance (as an estimate of consumption) was recorded at regular intervals (approximately 7 d) by recording the mass of the feeder with feed beginning at wk 12 of age. To relate the time periods in which the food disappearance was measured with the birds' age, the wk of age at the reweighing dates was used. The type of feed was stepwise changed as a normal management practice at 20 wk of age, thus feed disappearance data was not collected for this wk. The ratio of feed disappearance per egg produced (feed conversion ratio; FCR) was calculated from the respective records of feed disappearance and egg production. As the FCR is initially highly variable as hens come into lay, values for the period after hens reached 50% were summed and statistically analyzed as a subset of the full dataset. Pen-specific differences for eggshell mass were assessed at 26 wk of age by randomly collecting 4 eggs from each pen, whereupon the shell was removed, dried, the membrane removed, and total mass recorded.
Egg Quality of Focal Birds
At 26 wk of age, a subset of 6 birds per pen was randomly selected as focal birds in order to assess egg quality at the individual bird level by feeding a fatsoluble dye (within a gelatin capsule) which is then absorbed by the yolk during egg formation (Appleby and McRae, 1983) . For the procedure, 2 different dyes (Sudan Black and Oil Red O; Sigma-Aldrich, St. Louis, MO), in combination with an equal mass of table sugar to aid absorption, as well as a 1:1 mixture of the 2 dyes were used to provide 3 distinct colors. As a fourth color option, capsules with table sugar only were also used. The different combinations of the 4 possible colors over 3 d of application produced distinct color patterns (concentric rings) in the egg yolks, enabling each egg to be traced back to the respective hen. The focal birds were given one dye-or sugar-containing gelatin capsule on each day over 3 consecutive d. Following the 3 d of capsule administration and an additional day to ensure that dyes were fully absorbed, all eggs were collected on 3 consecutive d.
All collected eggs were assessed for total mass, breaking strength, and shell width. The breaking strength (N) of the eggs was measured with an egg biomechanical testing frame (BMG 1.2mc/D, Fabr.Nr. MC 601/047, Messgerätebau Gutsch, Nauendorf, Germany) and then boiled for color identification. After boiling and letting the eggs cool, the eggs were split open, and the yolk color pattern was identified and linked to the respective focal bird. A piece of shell was then removed (at a standard location on the egg side), the interior membrane removed, and the thickness of the shell measured with a digital caliper.
Statistical Analysis
All statistical analyses were performed in R Studio (version 0.98.1103) with R (version 3.1.3). In order to analyze the occurrence of experimental fractures, a generalized linear mixed effects model (lme4 package) was performed with crossbred/pure line, the presence of old breaks, and the impact energy level as fixed effects. The model assumed a binomial distribution. We had considered including body weight as a fixed effect, though excluded it because of likely collinearity with crossbred/pure line. The inclusion of an interaction between crossbred/pure line and impact energy was not possible for all lines as not all had variation in the response (both experimental fracture occurrence and non-occurrences) at each impact energy. To compensate, the model was assessed with an interaction term but with a reduced dataset of 3 crossbred lines (BB, DB, and EB). As the interaction was not statistically significant for these crossbred lines, the final model includes all crossbred/pure lines but excluded the interaction term. The severity of experimental fractures was analyzed with a multinomial logit model (mlogit package) including crossbred/pure line, old breaks and the impact energy level as fixed effects. An interaction between crossbred/pure line and impact energy was only possible, but not statistically significant, for 4 crossbred/pure lines and was therefore excluded from the final model, allowing all 5 crossbred/pure lines to be included. The presence of old breaks was assessed by performing a Generalized Linear Mixed effects model with crossbred/pure line as a fixed effect.
The analysis of all pen-level related production data was performed with Linear Mixed Effects models. The ratio of total eggs produced by the number of living hens was analyzed using crossbred/pure line as a fixed effect. The models analyzing HDA, daily food consumption, and FCR (for the entire experiment and after 50% of production was reached) included all crossbred/pure lines and age as fixed effects; age was treated as a continuous factor. A Linear Mixed Effects model with crossbred/pure line as a fixed effect was used to analyze pen-level data, including eggshell mass, the age at which the pens have a HDA of 50% and 90%, and mortality.
The occurrence of experimental fractures as well as their severity for focal birds was analyzed the same way as the respective values for the dataset containing all hens. Within this smaller dataset, an interaction between crossbred/pure line and impact energy was only possible for 2 crossbred/pure lines and was not statistically significant and therefore excluded from the final model. The severity of experimental fractures in focal birds was analyzed with a multinomial logit model and the same fixed effects as in the former described model.
Egg characteristics (shell width, breaking strength, and mass) collected from focal birds were analyzed with a Linear Mixed Effects model with crossbred/pure line, the occurrence of experimental fractures and the presence of old breaks as fixed effects. The interactions between the fixed effects were not statistically significant in all 3 models and therefore excluded from the final models. The correlation between egg strength and eggshell width was calculated with a linear regression model. To determine whether the amount of XL eggs differed among crossbred/pure lines, a Generalized Linear Model was employed with crossbred/pure line as a fixed effect. When applicable, a post hoc, multiple comparison of means test with Tukey contrasts was performed to identify differences between crossbred/pure lines.
RESULTS
Impact Tests
The susceptibility to experimental fractures in keel bones differed among the 5 crossbred/pure lines in terms of the occurrence of fracture (Table 2) DW birds (z = −3.292, p = 0.007). There was no difference in the likelihood of experimental fractures between any other crossbred/pure line, although a tendency was found for DB birds to have a lower likelihood of experimental fractures than crossbred line BB (z = −2.408, p = 0.098). The 2 different impact energies did not affect the likelihood of experimental fractures. When considering the severity of the experimental fracture, the most severe fracture (i.e., score 3) was 3.3 times more likely to occur than the least severe (i.e., score 1) with the greater impact energy (Figure 2 ) (t = −2.102, p = 0.036), though no relationship was found with crossbred/pure line. Old breaks tended to be associated with an increased likelihood of experimental fractures (z = 1.704, p = 0.088) and their rates of appearance were similar to experimental fractures (Figure 2 ). Body mass was different between all crossbred/pure lines (Table 3) and had a negative correlation with the likelihood of experimental fractures (z = −3.044, p = 0.002).
The existence of old breaks differed between crossbred/pure lines. Crossbred line DW had more old breaks than the others except for pure line EW (lines DW -BB: z = 3.407, p = 0.006; lines DB -DW: z = −4.533, P < 0.001; lines EB -DW: z = −4.884, P < 0.001; lines EW -DW: z = 0.729, p = 0.15). The same pattern was found for EW birds which differed in the occurrence of old breaks from crossbred lines BB, DB and EB (lines EW -BB: z = 2.709, p = 0.049; lines EW -DB: z = 3.519, p = 0.004; lines EW -EB: z = 3.894, P < 0.001). The severity of old breaks was similar across crossbred/pure lines.
Pen-level Production
Egg production and food consumption differed between some lines (Table 3 ). The HDA was lower in EW birds than BB and DB birds as well as a tendency for crossbred line EB (lines EW -BB: z = −3.187, p = 0.012; lines EW -DB: z = −3.202, p = 0.012; lines EW -EB: z = −2.546, p = 0.080). The HDA increased with age (t = 31.726, P < 0.001) though no interaction was found between age and crossbred/pure line (P > 0.08). A similar pattern was shown with the ratio of total eggs produced per living hen with a lower value in pure line EW compared to the crossbred lines (data not shown; lines EW -BB: z = −4.792, P < 0.001; lines EW -DW: z = −3.315, p = 0.008; lines EW -DB: z = −4.920, P < 0.001; lines EW -EB: z = −3.911, P < 0.001). The age at which the birds reached 50% and 90% of egg production respectively did not differ between the crossbred/pure lines (average wk of age +/-SD: 50%: 20.8+/-0.4; 90%: 23.7+/-1.1). Eggshell weight and the number of XL eggs were similar in all crossbred/pure lines.
Birds of the EB crossbred line showed greater daily food consumption in comparison to the other crossbred/pure lines (Table 3 ; lines EB -BB: z = 4.560, P < 0.001; lines EB -DW: z = 4.211, P < 0.001; lines EB -DB: z = 3.917, P < 0.001; lines EW -EB: z = 4.734, P < 0.001). Additionally, while all crossbred/pure lines increased daily food consumption with age (t = 9.750, P < 0.001), the increase in crossbred line EB was the smallest (Figure 3 ; t = -3.202, P = 0.002). Overall FCR did not differ between the crossbred/pure lines but decreased with increasing age (t = -5.180, P < 0.001). In the period after 50% production was reached, EB birds had a higher FCR than the other crossbred/pure lines (Figure 4 ; lines EB -BB: z = 3.220, P = 0.011; lines EB -DW: z = 3.432, P = 0.005; lines EB -DB: z = 4.488, P < 0.001; lines EW -EB: z = −3.017, P = 0.021), whereas age had no relationship with crossbred/pure line. The mortality differed between crossbred/pure lines with BB birds having the highest mortality, where mortality was attributed to cannibalism. No deaths occurred in pens with DB, EB and EW birds (Table 3) .
Production Data and Impact Data Relating to Individual (Focal) Birds
The focal birds' susceptibility to experimental fractures was similar to the pattern identified for data collected from all birds in the experiment. Birds of the EB crossbred line had a reduced likelihood of experimental fractures compared to the crossbred lines BB and DW (lines EB -BB: z = −2.756, P = 0.044; lines EB -DW: z = −2.877, P = 0.031; data not shown). Neither the impact energy nor the presence of old breaks related to the likelihood of experimental fractures. Experimental fracture severity did not differ between crossbred/pure lines. No relationship was found between impact energy and the presence of old breaks on experimental fracture severity.
Focal birds in which an experimental fracture occurred produced eggs with a reduced shell width (t = -2.148, P = 0.038; Figure 5 ) and had a tendency for decreased egg breaking strength (t = -1.937, P = 0.060; Figure 6 ). Egg mass did not relate to the occurrence of experimental fractures. BB birds had thicker eggshells than EB birds and with a tendency compared to EW birds (lines EB -BB: z = -3.417, P = 0.005; lines EW -BB: z = 2.590, P = 0.070). A tendency was found for weaker eggshells in EB birds compared to BB birds (z = -2.658, P = 0.059). Egg mass did not differ between crossbred/pure lines. The correlation between egg breaking strength and shell width was 0.387 (t = 9.6, P = 2.2e -16 ). There was no relationship between presence of old breaks on any of the 3 egg properties (P > 0.197).
DISCUSSION
The present study showed clear differences in the frequency of experimental fractures across crossbred/pure lines that, given the control of environmental differences with our experimental design, indicates a strong propensity for genetic regulation of fracture susceptibility. To our knowledge, this is the first reported effort isolating the contribution of genetic variation to keel bone fractures in which behavioral confounds are eliminated within a quantifiable and repeatable test scenario. It is important to note that previous efforts have examined the presence of keel damage in relation to genetically distinct lines (Fleming et al., 2006 , focusing on general deformities; Stratmann et al., 2016, focusing on both fractures and deviations) as well as other likely sources of variation such as nutrition (Käppeli et al., 2011; Toscano et al., 2012 Toscano et al., , 2015 and housing (Wilkins et al., 2011; Petrik et al., 2015; Heerkens et al., 2015a; Stratmann et al., 2015a,b) . In contrast, our methodology allowed the assessment of animal-specific factors in the period immediately before and during the fracture occurring (rather than the period that follows) to quantify the relationship of these factors with fracture susceptibility. In this sense, we are assessing the likelihood that a fracture will occur given a certain set of bird-specific conditions, e.g., crossbred/pure line and individual production characteristics. Given that physiological characteristics of the musculoskeletal system, systemic physiology, variable feed intake, and resource partitioning are likely to change in response to fracture, we believe our methodology offers a novel perspective on how these factors relate to fractures.
The use of impact testing allowed for several novel relationships to be identified regarding the underlying causes of keel bone fracture which previously could be suggested but not confirmed. For example, EB birds had the lowest susceptibility to fractures, with less than 20% of experimental fractures, in contrast to the commercially used DW birds, in which more than 90% of birds manifested experimental fractures. The fact that the dam and male line of EB birds has not been selected for traits associated with high efficiency in term of egg productivity supports the notion that the intensive breeding for egg production contributes to the high prevalence of keel bone fractures . Our results do not provide a confirmation that such a mechanism is operating, but do eliminate confounds plaguing previous comparisons, particularly those which could be potentially attributed to differences in behavior between lines manifesting at the time of impact. For instance, fearfulness can often be seen at the group and individual level manifesting in panics (Richards et al., 2012) and has been suggested as a cause of fracture (Harlander-Matauschek et al., 2015) . Alternatively, the male line for the EB crossbred line was intended for dual egg and meat production purposes, details that are reflected in results of feed intake and efficiency, which could affect bone development. Our methodology confirms that the differences in susceptibility are not related to behavioral differences at the time of impact, e.g., panics. In a previous experimental effort where behavior confounded interpretation, use of an omega-3 diet was found to associate with reduced fractures and bone biomechanical properties that suggested a likely causative mechanism . However, the diet treatment also associated with behavioral differences (assessed by an approach test) that prevented the authors from confirming the role that biomechanical properties had in rates of keel bone damage. To be clear, behavioral differences are likely to manifest in many ways that could affect fracture susceptibility, e.g., access to perches leading to increased bone strength (Regmi and Karcher, 2013) and mineral density (Hester et al., 2013) , and the impact test eliminates the behavior at the time of impact only. Nonetheless, minimizing ambiguities of this nature are a primary benefit that the impact testing procedure can overcome.
Explanations for the genetic differences in susceptibility to keel bone fractures are numerous and are likely an interaction of multiple factors. An area of focus for the current work was crossbred/pure line-specific egg production and feed intake, 2 processes with strong influences on bone health (Rath et al., 2000; Whitehead and Fleming, 2000) . For instance, the EB crossbred line, which manifested the least susceptibility to fractures, also had the highest feed consumption, particularly in the period before egg production peaked (i.e., approximately 23 wk of age). Given that egg production required a relatively minor contribution during this period of heightened consumption, it could be inferred that greater mineral and energy availability via greater feed consumption would benefit bone formation. The structural cortical bone is formed entirely in the period before the onset of lay (Hudson et al., 1993) thus it is understood that nutrition during this period is important to maximize structural bone content to improve long-term bone health . Greater mineral content and bone thickness (of long bones) have been identified as structural properties which associate with reduced rates of keel fracture , though the pattern is not consistent (Fleming et al., 2004; Hester et al., 2013) , and it should be investigated whether greater feed consumption or restriction in this period does indeed lead to such changes. Unpublished work from the current study assessing biomechanical bone properties (including the keel) found that the humerus of the experimental birds had a greater total force at failure in response to a 3-point bending test (all lines differing except for DW and EW which were similar; P < 0.001) (in prep). Subsequent work will need to determine whether these changes could be driven by feed consumption and are protective against fracture occurrence. Alternatively, it could be that the greater body mass of the EB crossbred line could lead to improved bone health (e.g., through greater loading), a mechanism which is well-established (Rath et al., 2000) . Typically, body mass is applied as a covariate to account for this variation (Knowles and Broom, 1990; Toscano et al., 2013) , though we specifically decided against this due to collinearity concerns. In either case, the elimination of behavioral confounds suggests that improving biomechanical properties of bone in the pre-lay period is a promising genetic target for reduced keel fracture and deserving of further research.
The high rate of egg production in modern egg laying hybrids is often considered as a primary reason for weaker bone health and high rates of fracture (Cransberg et al., 2001; Thiruvenkadan et al., 2010; Nasr et al., 2012a Nasr et al., , 2013b . The notion served as the basis for our prediction that egg production rates would differ among the different crossbred/pure lines and parallel fracture susceptibility. In other words, crossbred/pure lines with greater egg production would be expected to have increased susceptibility to fracture, though our results did not support that prediction. Future work should focus on egg production over a longer duration than the current study, e.g., an entire lay cycle that typically extends 85 wk or more, which would be expected to take a proportional drain on bone mineral. We had also considered that the age at onset of lay could influence keel fracture susceptibility, a relationship reported previously by our group (GebhardtHenrich and Fröhlich, 2015) . In this scenario, a greater latency to the initiation of lay (for individual hens) would provide more time for structural bone formation. Although an interesting proposition, we did not find a correlation between the onset of lay and fracture susceptibility. The lack of a finding may suffer from the same problem noted above in terms of lay duration, i.e., Gebhardt-Heinrich and Fröhlich (2015) examined end of lay hens whereas animals in our study were in lay for a comparatively brief period. Furthermore, as onset of lay could not be determined for individual hens, we used pen-level production as a proxy which reduced our statistical power and could mask any existing relationship. Future efforts should consider alternative designs to investigate the role of variations within individual hens for egg production, including onset, peak, and duration, in terms of fracture susceptibility.
Another possible detail of egg production and keel fractures which must be considered is that egg production has only a limited influence on fracture susceptibility, particularly in the period leading up to 27 wk of age as assessed in this study. In this scenario, fractures would be dependent on established properties in the hen (e.g., bone mineral density, strength) rather than ongoing egg production. The dramatic differences in fracture susceptibility between crossbred/pure lines without parallel egg production patterns of the current study support the notion that egg production has limited effects on the occurrence of fractures within the assessed age range. Indirect information from other sources beyond the current study does exist to support a reduced or minor role for egg production as a cause of fracture. For instance, Toscano et al. (2014) reviewed 4 independent studies which reported a decrease in fracture rates in the period following 35 wk of age, a pattern that appeared to mirror that predicted by impact testing. Although egg production would be falling in this period, HDA typically remains above 80% and structural bone formation would not be expected to restart (Hudson et al., 1993; Fleming et al., 2006) . It also should be emphasized that the majority of studies that have reported changes in bone mineral density and biomechanical properties assessed long bones (e.g., tibia, humerus) rather than the keel, thus may have limited reference to the properties of the keel. Although some proxies may prove helpful, e.g., keel and wing bone strength as an indication of a greater range of motion (Rodenburg et al., 2008) , we advise that research should be considered which examines egg production over the lifetime of the hen and that consider the keel bone directly.
While our results do not support a role for the quantity of eggs produced, the assessment of egg quality from individual hens does indicate that egg production or related mechanisms could play a role in fracture susceptibility. In contrast to our expectations, our findings suggest that hens less likely to sustain damage had eggs with thicker shells and a tendency for greater breaking strength. Nasr et al. (2012b) reported lower shell weight (and egg production) to be associated with the presence of keel bone damage, though they assessed old breaks (without pre-fracture controls) and not experimental breaks leaving the possibility that their observations were independent of fracture. The experimental design of the current work allowed us to focus on the birds' susceptibility to fractures at the time of collision rather than frequencies in the following period. Although mineral content of the eggshell was not measured in the current study, calcium serves as the major mineral component of the eggshell and is linked to structural integrity. Individuals which are more efficient in calcium uptake and metabolism would manifest benefits across multiple tissues, i.e., possessing stronger bones and eggs with thicker shells and greater breaking strength. Thus, our results do not contradict the presence of a trade-off between bone and egg quality. Alternatively, evidence does exist to support that birds with poorer bone quality produce eggs of greater quality (e.g., greater shell width and weight) (Whitehead, 2004; Kim et al., 2005 Kim et al., , 2012 . The explanation for the difference in our findings may relate to several mechanisms, including our focus on individual hens, that common measures of bone health used in hens (e.g., bone ash of long bones) may not provide an accurate portrayal of keel fracture susceptibility, or variations in diet between studies affected calcium uptake. The idea of differing individual potentials to metabolize calcium is not novel, with early observations made by Tyler (1956) , though it is interesting to consider that the individual variation in calcium uptake and metabolism could be a greater influence on keel bone fracture susceptibility than the resorption required of egg production. Further research should focus on the role of individual birds' potential to uptake, metabolize and distribute mineral systemically, as well as the portion directed towards egg production. Experiments should also consider the quantity of mineral absorbed from bone -the keel in particularcumulatively over time rather than the amount of eggs produced in general. Findings of this nature can provide for important genetic traits that benefit the effort to reduce fractures.
A major assumption of the current work (and which we believe makes our results novel) is that the developed impact testing protocol is reflective of the actual occurrence of fractures in commercial environments. The types of damage caused by the impact testing fracture reflect the type of damage typically seen in dissected hens (Toscano et al., 2014) , though there are obvious differences between our methodology and how fractures are likely to occur. For instance, birds' muscles would be actively contracting during collisions, though this is not true for the simulated collision since the birds are not alive. Additionally, the impact energy used and the nature of the collision (e.g., point and orientation of impact, shape of the contact point) were purposely controlled to minimize variation, though will likely reduce the relevance of our results to a very narrow type of impact that may or may not be applicable to commercial conditions. Another limitation of the impact test is that it only simulates the incidence of fractures caused by collisions with external objects which is not the only possible cause of fractures, e.g., non-collision events such as wing-flapping (Harlander-Matauschek et al., 2015) . Lastly, it is important to consider that environmental conditions known to associate with keel damage, including housing system (Wilkins et al., 2011; Heerkens et al., 2015a; Stratmann et al., 2015a) and nutrition , are likely to have dramatic interactions with genotype. For instance, hens given more freedom to maneuver (as with an aviary compared to caged system) are likely to lead to greater bone strength, though the genetic potential must be present to allow for this change (Fleming et al., 2006) . Nonetheless, given that the pattern of experimental fractures between the lines resembled that of old breaks, we believe our methodology offers an interesting approach to isolate genetic variation and provide a foundation for future efforts to establish the role of factors such as housing and nutrition in keel damage.
In conclusion, the present study shows considerable variation in susceptibility to keel bone fractures of different laying hen strains and confirms the influence that genetics has in susceptibility to keel bone fractures. Several traits of interest were tentatively identified for future research efforts to consider within breeding programs including increased feed consumption and calcium uptake and distribution. We believe our results provide definitive areas to investigate for future research as well as a methodology which overcomes many of the challenges confounding previous efforts.
